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The lectin Helix pomatia agglutinin (HPA) recognizes altered glycosylation in solid cancers and the identification of HPA binding partners in tumour tissue and serum is an important aim. Among the many HPA binding proteins, IgA1 has been reported to be the most abundant in liver metastases. In this study, the glycosylation of IgA1 was evaluated using serum samples from patients with breast cancer (BCa) and the utility of IgA1 glycosylation as a biomarker was assessed. Detailed mass spectrometric structural analysis showed an increase in disialo-biantennary N-linked glycans on IgA1 from BCa patients ( p , 0.0001: non-core fucosylated; p ¼ 0.0345: core fucosylated) and increased asialo-Thomsen -Friedenreich antigen (TF) and disialo-TF antigens in the O-linked glycan preparations from IgA1 of cancer patients compared with healthy control individuals. An increase in Sambucus nigra binding was observed, suggestive of increased a2,6-linked sialic acid on IgA1 in BCa. Logistic regression analysis showed HPA binding to IgA1 and tumour size to be significant independent predictors of distant metastases (x 2 13.359; n ¼ 114; p ¼ 0.020) with positive and negative predictive values of 65.7% and 64.6%, respectively. Immunohistochemical analysis of tumour tissue samples showed IgA1 to be detectable in BCa tissue. This report provides a detailed analysis of serum IgA1 glycosylation in BCa and illustrates the potential utility of IgA1 glycosylation as a biomarker for BCa prognostication.
Introduction
Altered protein glycosylation is a feature of carcinogenesis, profoundly affecting protein structure (and function) and cancer cell behaviour. The lectin Helix pomatia agglutinin (HPA) recognizes aberrant glycosylation in breast cancer (BCa) [1] and is associated with the propensity of cancer cells to metastasize and with poor patient prognosis [2] [3] [4] [5] [6] [7] . HPA has nominal binding specificity for N-acetylgalactosamine (GalNAc) but also recognizes other structures including the Forssman antigen, blood group A antigen [8, 9] , Tn antigen [10] , sialic acid (SA) [7, 11] and N-acetylyglucosamine (GlcNAc) [11] [12] [13] . HPA binding partners include: integrin a4/a6 and annexin 2, 4 and 5 in colorectal cancer [14, 15] and in metastatic BCa: enolase 1, heat shock protein 27 and heterogeneous nuclear ribonuclear proteins (HnRNP) H1, HnRNP D-like and HnRNP A2/B1 [13] . Studies with serum from BCa patients have identified immunoglobulin A1 (IgA1), complement protein C3, alpha-2-macroglobulin, cadherin V and polyimmunoglobulin receptor ( pIgR) as HPA binding proteins [16, 17] . Previous work carried out by our group has identified IgA1 as a significant HPA binding protein in BCa metastases to the liver [18] . IgA is the most abundant antibody isotype in humans, present in serum, tissues and mucosal secretions including breast milk [19] [20] [21] . IgA1 and IgA2 differ by virtue of a 13 amino acid hinge region ( present in IgA1 only), located between conserved regions 1 and 2 of the heavy chain of the antibody [19, 22] . monomers are linked by a joining chain (J-chain). Mucosal IgA is mostly pIgA2 with some pIgA1 produced by local B cells. By contrast, serum IgA produced in the bone marrow is mostly monomeric IgA1 [22] . The hinge region of IgA1 has nine potential sites for O-linked glycosylation, between three and five of which have been reported as occupied [23] [24] [25] [26] , Thr228, Ser230, Ser232 consistently while Thr225 and Thr236 occasionally are occupied [25, 27] . O-linked glycans located at the hinge region of IgA1 consist of GalNAc, galactose (Gal) and SA residues. Two N-linked glycans are found on each heavy chain (Asn263/Asn459) and these have been reported to be mainly the complex digalactosylated biantennary type [24, 27, 28] .
Truncated O-linked glycans have been observed in the hinge region of IgA1 in IgA nephropathy (IgAN) [26, [29] [30] [31] [32] [33] [34] [35] and Henoch-Schö nlein pupura [36] . Altered glycoforms of IgA1 are also detectable in BCa metastases to the liver [18] . In IgAN, the IgA1 molecules display increased levels of terminal GalNAc (the Tn antigen) [33, 35, 37] . This truncated structure, recognized by HPA, has been reported to be a marker of poor prognosis and aggressive BCa [38] [39] [40] . A recent report has shown that IgA1 is detectable in primary BCa tissues and array technology has revealed that HPA will bind synthetic IgA1 glycopeptides modified with GalNAc residues [41] . The underlying biochemical basis for the observed changes in IgA1 glycosylation in cancer is unclear and the functional significance of this change in cancer remains elusive.
The aim of this study was to measure the levels of IgA1 in the serum of BCa patients and explore whether the IgA1 glycosylation is altered by comparison with serum from healthy women. The levels of IgA1 and glycosylation were assessed using an enzyme-linked lectin assay (ELLA). Detailed mass spectrometric glycan structural analysis of affinity-purified IgA1 was undertaken. N-linked glycosylation was observed to be significantly altered in serum from BCa patients compared with serum of healthy women. Univariate and multivariate analyses were performed, with HPA binding to IgA1 and tumour size emerging as significant independent predictors for the formation of distant metastases. Altered IgA1 glycosylation may modulate IgA1 function and is a useful biomarker for BCa prognosis.
Experimental procedures

Materials
All materials were purchased from Sigma, Poole, UK, unless otherwise stated. Maxisorp 96-well plates were from Thermo Scientific, Rockford, IL, USA, and the polyclonal sheep antihuman IgA1 (AU087) and polyclonal sheep anti-human IgA horseradish peroxidase (HRP) (AP010) were purchased from The Binding Site, Birmingham, UK.
Serum samples
Approval for this study was granted by the North London Research Ethics Committee (ref. 10/0258). Blood samples were collected from healthy women (normal healthy women, N) attending the 'one-stop' breast clinic at University College London Hospital (UCLH), London, UK. These women were clinically, mammographically and/or cytologically confirmed to be clear of BCa. Venous blood was collected, centrifuged at 400g for 15 min and the supernatant (serum) retained. For IgA1 affinity purification, samples from women with BCa (table 1) were selected from the DietCompLyf study, an ongoing multi-centre observational study run by our unit [42] . The serum samples from all of the cancer patients were drawn 12 + 3 months after diagnosis. Eight samples were used for IgA1 purification and glycan mapping (normal healthy women, N, n ¼ 4; BCa (BCa) n ¼ 4). A larger set of N and BCa samples (table 2 and electronic supplementary  material, table SI 
Enzyme-linked lectin assay
To assess the glycosylation of IgA1, the ELISA described above was modified to include the lectins HPA, Sambucus nigra (SNA) and Maackia amurensis lectin II (MAL-II) as detection reagents in place of a detection antibody. The ELLA used the same equipment and approach as above. Plates were coated as before with antibody diluted in PBS for 1 h at 378C. After washing three times with PBST the plates were blocked as before, washed three times with PBST and 50 ml of serum sample (diluted 1 in 5, 1 in 10 or 1 in 20 in CarboFree for the HPA ELLA and 1 in 32 000 in Carbo-Free for the SNA/MAL-II ELLA) was applied in duplicate wells for 30 min at 378C. The plate was washed and 50 ml of 10 mg ml 21 HPA-biotin (Sigma, Poole, UK), MAL-II-biotin or Table 2 . Clinical and pathological features of patient samples analysed in the IgA1 ELISA and ELLA. BCa patient serum samples were provided 9 -15 months after diagnosis for patients who had no sign of recurrence, NSR (5 years of follow-up), and from patients that developed distant metastases, DM. The annual serum sample taken that was closest to the date of diagnosis of metastasis was used for each DM sample. SNA-biotin (Vector Laboratories, Peterborough, UK) in Carbo-Free was added for 1 h at room temperature. After washing with gentle rocking three times with PBST, 50 ml of 0.25 mg ml 21 poly-streptavidin-HRP (Thermo Scientific, Rockford, IL, USA) in Carbo-Free was added to each well for 1 h, the plate was washed again with PBST, three times with distilled water and 100 ml of TMB substrate was applied to each well for 1-15 min. The reaction was quenched and the absorbance was measured as before. For the initial HPA and the SNA/MAL-II ELLA, pooled serum was used as a reference material. For the later HPA ELLA, a standard using IgA from human colostrum (0.78-50 mg ml
21
) was used.
ELISA and ELLA sample analysis
For the initial HPA and SNA ELLA, the mean absorbance values measured in samples from healthy women and women with BCa were compared using an unpaired Student's t-test. In the assays where the reference material was run on each 96-well plate, the mean value for each standard curve from each plate was used to create a 'master standard curve'. The 'master blank' was subtracted from the mean absorbance reading for each sample, and this value was measured against the master standard curves to provide the IgA1 or HPA binding level.
Iga1 purification
In total, 0.5 mg of anti-IgA1 (AU087) was coupled to a 1 ml NHS-activated HiTrap column (GE Healthcare, Amersham, UK) according to the manufacturer's guidelines. Three hundred microlitres of serum was clarified by centrifugation at 10 000g for 15 min, diluted to a final volume of 1 ml in PBS, applied to the column and incubated for 1 h at room temperature. The column was washed with five column volumes of PBS and IgA1 was eluted with five column volumes of 0.1 M glycine pH 2.7, neutralized immediately with 70 ml of 1 M TRIS-HCl, pH 9.0. Buffer exchange into PBS was performed using an Amicon centrifugation filter unit (10 kDa molecular weight cut off; Millipore, MA, USA). Protein yield was measured using a Nanodrop spectrophotometer (Thermo Scientific, Rockford, IL, USA).
Breast cancer tissue sample analysis
To determine whether the IgA1 was detectable in BCa tissues, four frozen BCa tissue samples (50 mg wet weight) were homogenized in lectin buffer (0.05 M TBS, 1 mM CaCl 2 , 1 mM MgCl 2 , pH 7.6) using a handheld homogenizer for 5 min with intermittent cooling on ice. The homogenate was centrifuged at 15 000g and the supernatant was stored at 2808C until required. IgA1 immunohistochemistry was performed using formalin-fixed paraffin-embedded (FFPE) breast tissues (n ¼ 4) from the same patients. The samples were processed according to Brooks & Leathem [6] : the sections were dewaxed, rehydrated, blocked and probed with 20 mg ml 21 biotinylated anti-IgA1 (AU087) for 1 h at room temperature, followed by incubation with 5 mg ml 21 streptavidin-HRP in PBS for 30 min at room temperature and detection with 3,3 0 -diaminobenzidine (DAB) prepared in PBS/H 2 O 2 . After labelling, the slides were counter-stained with haematoxylin, dehydrated and mounted.
Protein samples (10 mg) were separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) using the discontinuous buffer system described by Laemmli [43] . Gels were stained with Coomassie brilliant blue or used for western blot transfer. Membranes were blocked with Carbo-Free overnight at 48C, washed 3 Â 5 min with PBST and probed with either biotinylated anti-IgA1 (AU087, 0.1 mg ml 21 ), HPA (10 mg ml 21 ), MAL-II (0.5 mg ml 21 ) or SNA (0.5 mg ml
21
) in PBS for 1 h at room temperature. Blots were washed as before and incubated with 2 mg ml 21 streptavidin-HRP in PBS for 1 h at room temperature, washed again and probed with DAB. The blot images were captured using a scanning densitometer (GS-710; Bio-Rad, CA, USA).
Glycan purification
A total of 40-50 mg of IgA1 was processed for mass spectrometry using the procedure of Sutton-Smith & Dell [44] . Each sample was reduced in 0.6 M Tris/4 M guanidine-HCl buffer, pH 8.5, with dithiothreitol (DTT) at 2 mg ml 21 for 2 h at 508C. Carboxymethylation was performed with 12 mg ml 21 iodoacetic acid in tris buffer pH 8.5, in the dark for 2 h at room temperature. To terminate the reaction, samples were dialysed against 50 mM ammonium bicarbonate, pH 8.5, at 48C for 48 h. Samples were lyophilized and digested with trypsin at a ratio of 50 : 1 (w/w) in 50 mM ammonium bicarbonate pH 8.5 for 24 h at 378C. The enzyme reaction was terminated by addition of one drop of acetic acid. Peptides and glycopeptides were separated from hydrophilic impurities on a Sep-Pak C 18 cartridge (Waters Corp., MA, USA) and lyophilized. N-glycans were released from the glycopeptides with six units of peptide N-glycosidase F (PNGase-F; Roche Applied Science, Penzberg, Germany) in 50 mM ammonium bicarbonate buffer, pH 8.4, for 24 h at 378C. The released N-glycans were separated from peptides and O-glycopeptides on a Sep-Pak C 18 cartridge. O-glycans were released from the peptide/O-glycopeptide mixture by reductive elimination; 400 ml of 1 M potassium borohydride in 0.1 M potassium hydroxide was added to each sample and the mixture was incubated for 16 h at 458C; again the reaction was terminated by the dropwise addition of acetic acid. The samples were deionized by Dowex chromatography and borates were removed. The pools of N-and O-glycans were permethylated using the sodium hydroxide permethylation procedure and purified once more using Sep-Pak C 18 cartridges.
Mass spectrometry of glycans
As detailed in Antonopoulos et al. [45] , permethylated glycan samples were solubilized in 10 ml methanol, 0.5 ml of the sample was then mixed with 0.5 ml of 2,5-dihydroxybenzoic acid (DHB) matrix (20 mg ml 21 in 70% v/v methanol in water), spotted onto a matrix-assisted laser desorption/ ionization (MALDI) target plate and dried under vacuum. MS data were acquired using either a Voyager-DE STR MALDI-time of flight (TOF) or a 4800 MALDI-TOF/TOF (Applied Biosystems, CA, USA) mass spectrometer. MS/MS data were acquired using a 4800 MALDI-TOF/TOF mass spectrometer. For the MS/MS studies, the collision energy was set to 1 kV, and argon was used as the collision gas. The 4700 Calibration Standard Kit: Calmix (Applied Biosystems) was used as the external calibrant for the MS mode, and human [Glu1] fibrinopeptide B was used as an external calibrant for the MS/MS mode.
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Analyses of MALDI data
The MS and MS/MS data were processed using Data Explorer 4.9 software (Applied Biosystems). Processed spectra were subjected to manual peak assignment and annotation using GlycoWorkBench [46] . The assignments for selected peaks were based on mass composition of the 12 C isotope together with current knowledge of biosynthetic pathways. The proposed structures from the MS mode were confirmed by data obtained from MS/MS experiments. Data obtained were compared using an unpaired Student's t-test.
Experimental design and statistical rationale
Eight samples were used for IgA1 purification and glycan mapping (normal healthy women, N, n ¼ 4; BCaBCa, n ¼ 4). For the initial HPA ELLA, 14 BCa samples were analysed. For the larger dataset, 120 BCa samples were analysed for IgA level and HPA binding. In these assays, 15 and 14 healthy control samples were also analysed, respectively. For the SNA ELLA, 11 BCa samples were compared with 11 healthy control samples. For all ELISAs and ELLAs samples were analysed in duplicate. Data were log transformed and an unpaired Student's t-test was used to compare data from healthy women and patients. The data from the IgA1 and HPA assays were further analysed as continuous variables and evaluated using the logistic regression technique with clinical and tumour characteristics assessed (tables 1 and 2). Variables which showed significant (less than 0.05) association with the formation of distant metastases were built into the final model in a stepwise manner until a stable model was achieved. The Hosmer and Lemeshow test was used to assess how well the variables predict distant recurrence. The sensitivity, specificity and the negative and positive predictive values were determined.
Data obtained from mass spectrometry analyses were compared using an unpaired Student's t-test.
Results
ELISA and ELLA
The aim of this study was to evaluate the glycosylation of IgA1 from women with BCa and compare this with IgA1 from age-matched healthy women, confirmed to be free of BCa (normal healthy individuals; N). The initial ELISA and ELLA analysis indicated that HPA bound to IgA1 from the BCa samples to a greater extent than to IgA from normal healthy individuals (figure 1; mean healthy A450 ¼ 0.1533 compared with patient A450 ¼ 0.1941, p ¼ 0.02).
IgA1 breast tissue immunochemistry and protein separation
FFPE primary BCa specimens were probed with sheep polyclonal anti-IgA1 and, in common with the recent report by Welinder et al. [41] , all the samples showed reactivity with the antibody, confirming the presence of IgA1 in these tissues (figure 1). Protein preparations from the same tumour tissues were separated by SDS-PAGE and western blotted and probed with the same anti-IgA1 antibody, verifying the findings of the immunochemistry (figure 1). IgA1 was affinity purified from four BCa patient serum samples and four healthy samples (table 1) . The preparations were analysed using SDS-PAGE: protein bands at 69, 58, 52, 
N-glycosylation
Detailed mass spectrometric glycan structural analysis of the affinity-purified IgA1 preparations (figure 3) revealed Nlinked glycans of the complex type previously observed in IgA1 from healthy individuals [27, 28] . MS/MS analysis confirmed that the glycans were core fucosylated, mainly biantennary with some bisecting GlcNAc structures (for example, m/z 2111, 2315, 2489 and 3211). The non-reducing termini were either unmodified (m/z 2244, 2315, 2489) or substituted with SA residues (m/z 2431, 2605, 2792, 2966). While the BCa patient IgA1 exhibited similar N-glycans to IgA1 from normal healthy samples, the relative abundance of terminating SA was increased in the patient samples.
O-glycosylation
Very low amounts of O-glycans were released from the IgA1 preparations ( figure 4 ). This may be due to the relatively low quantity of protein used for glycan release. Nevertheless, structures consistent with those previously reported on the hinge region of IgA1 were observed (notably, m/z 691, 895) in the preparations from both the healthy individuals and BCa patients. Structures at m/z 534 and 1256 were only detectable in the patient samples; these glycans were consistent with asialo-TF and disialo-TF antigen, respectively.
IgA1 and HPA ELISA validation set
The results from the initial serum IgA1 glycosylation ELLA above were assessed further using additional samples from an independent sample set comprising healthy individuals (n ¼ 14) and women with BCa (n ¼ 120) (table 2). All patients and nine of the samples from healthy individuals displayed detectable levels of HPA binding but when the data were compared using the Student's t-test no significant differences in binding were observed between the HPA status of IgA1 from patients and normal healthy women (electronic supplementary material, figure S1 ; p ¼ 0.6856). Extensive clinical, pathological and follow-up information was available for the individuals included in this validation study (electronic supplementary material, table SI). Logistic regression analysis was performed followed by the x 2 -test to determine how well the logistic regression model fitted the data. Both HPA binding and tumour size emerged as significant independent predictors of distant metastases (x 2 ¼ 13.359; p ¼ 0.020).
A potential confounding variable is the cross-reactivity between HPA and terminal GalNAc of the blood group A antigen [16] . The samples evaluated in this study were tested for blood type and this was included in the logistic regression analysis but there was no significant association between blood group and formation of distant metastases (tables 2 and 3; electronic supplementary material, figure S2 ).
Changes in serum IgA1 levels have been reported in women with BCa [47] [48] [49] [50] . All the samples tested in this study had detectable levels of IgA1; however, there was no statistically significant difference between the IgA1 level of healthy individuals and the BCa patients, irrespective of whether or not the patients went on to develop distant metastases (electronic supplementary material, table S1). The sensitivity and specificity of the model were 35.3% and 81.0%, respectively, and the positive predictive value and negative predictive value were 60% and 60.7%, respectively.
Increased sialylation of N-glycans of IgA1 in breast cancer
Increased SA substitution of N-glycans and O-glycans has previously been reported in cancer [39, 51] . Mass spectrometry was used to investigate the IgA1 sialylation and the ratio of ions with m/z 2792: 2431; 2966: 2605 and 3211: 2850, correlating with mono-or di-sialylated N-glycan structures were compared (figure 5). Di-sialylated structures were found in higher abundance in the BCa patient samples than in the samples from healthy women ( figure 5 ; p , 0.0001 and p ¼ 0.0345). Sialylation of IgA1 was assessed by incorporating the lectins SNA and MAL-II into the ELLA system to enable evaluation of a2,6-and a2,3-linked SA. The SNA binding level was increased in the IgA1 captured from serum from BCa patients compared with that from healthy women (figure 5; mean A450: patient, royalsocietypublishing.org/journal/rsfs Interface Focus 9: 20180079 0.2662; healthy women, 0.2200; p ¼ 0.03; n ¼ 11 in both groups). Western blot analysis showed that SNA bound to both the heavy and light chains of IgA1 from the BCa preparations, suggestive of an increase in a2,6-linked SA.
Discussion
In this study, the glycosylation of IgA1 from women with metastatic and non-metastatic BCa was compared with IgA1 from normal healthy women. Initial work in which HPA was used to assess the glycosylation of IgA1 used an ELLA incorporating HPA as the detection reagent. This assay was developed in house and with a relatively small number of serum samples. In this initial experiment, HPA was observed to bind IgA1 in serum samples from BCa patients to a greater extent than IgA1 in serum samples from normal healthy control women, confirming that serum IgA1 glycosylation is altered in BCa. A larger independent set of BCa serum samples collected as part of the DietCompLyf study were analysed (n ¼ 120). Although all patients and nine of the samples from healthy individuals displayed detectable levels of HPA binding, no significant differences were observed between the HPA binding level to IgA1 from patients and normal healthy women. The relatively small numbers of serum samples assessed from healthy women in this study may be of relevance but analysis of further serum samples from women confirmed ( preferably mammographically) to be clear of BCa requires testing to either confirm or refute this hypothesis. Analysis of the HPA binding status of the BCa patient data using logistic regression showed HPA binding and tumour size to be statistically significant predictors of distant metastases ( p ¼ 0.020). In the univariate analysis, lymph node status was associated with distant metastasis formation but in the multivariate model lymph node status no longer remained a statistically significant independent variable. It is worth noting, however, that lymph node status in the multivariate model was driven by a single lymph node-positive patient with a 2 cm tumour, who somewhat surprisingly had remained metastasis free for 5 years post diagnosis, and whose results skewed the data distribution.
Treatment regimens (chemotherapeutic or radiological) and behavioural factors (for example, smoking) would be predicted to affect the immune status of an individual and therefore the circulating IgA1 levels [52] [53] [54] . In this study the majority of the patients received adjuvant chemotherapy (79%), post-operative external beam radiotherapy (85%) and were either 'past' or 'never' smokers (91%). Serum samples from the patients were collected after they had received such treatment. These factors were included in the stepwise analysis model and the only significant association between IgA glycosylation and the formation of distant metastases was tumour size.
When the glycans from affinity-purified IgA1 were released and analysed using mass spectrometry an increase in both the TF antigen (in the O-glycan pool) and sialylation royalsocietypublishing.org/journal/rsfs Interface Focus 9: 20180079 (of the N-glycans) was observed in the serum IgA1 from patients with BCa. The time-consuming nature of glycan release and mapping experiments, coupled with the relatively large (mg) sample requirements compared with an ELISA system [55] , rendered this approach unsuitable for highthroughput sample analysis for our study. Accordingly, our methodology in which an ELISA was adapted to incorporate the lectins SNA and MAL-II as the detection reagents was adopted, and this confirmed an increase in a2,6 sialylation of IgA1 in the BCa patient samples.
It is not clear whether the IgA1 detected in the serum of the cancer patients, reported here, derived from tumour infiltrating or circulating B-lymphocytes or from residual disease. There have been reports of cancer cell lines producing immunoglobulin chains cited in [41] , and it is not inconceivable that the altered glycosyltransferase levels in cancer may result in abberant glycosylation of such chains. The clinical importance of TILs has been widely recognized but the IgA synthesized has not been evaluated in terms of the glycosylation repertoire; it would be interesting to determine if the altered glycoforms of IgA1 derive from the tumour infiltrating B-lymphocytes or from the tumour cells themselves.
Similarly, it is unclear whether the observed increase in sialylation of IgA1 in BCa is of functional significance; altered glycosylation of IgA1 may affect antigen recognition or the down-stream interaction between IgA1 and effector cells but this will require further analysis. While detailed glycopeptide mapping was beyond the scope of this study, identifying the N-glycan occupancy (at Asn263/Asn459 on the heavy chain of IgA1) and any accompanying glycan heterogeneity would also be an area of interest. Such analyses may help to unravel the potential roles for the observed changes in IgA1 glycosylation in cancer. Similarly, the immunoreactivity of the anti-IgA1 antibody with primary BCa tissue sections is intriguing and warrants further evaluation. Of particular relevance is whether the glycosylation of serum IgA1 alters localization to BCa cells. Welinder et al. [41] also reported IgA1 in BCa tissue sections, describing the increased levels of IgA1 in invasive cancer relative to in situ disease, but it is not clear if the IgA1 was bone marrow derived or if it had been secreted by immune cells located within the breast parenchyma. IgA1 is produced by luminal epithelial cells of the breast during lactation where it is associated with the secretory component of the pIgR. Interestingly pIgR was identified in a glycoproteomic study from our laboratory and found in increased levels in the serum of BCa patients with recurrent BCa [17] , but, again, it is unclear if this is due to cancerous breast tissue secreting more pIgA or an autoimmune response to metastatic BCa. Table 3 . Blood group distribution across the serum samples. The blood group was determined for all serum samples analysed in this study. The distribution of blood groups among the samples was similar to that observed in the UK population (https://www.blood.co.uk/why-give-blood/ the-need-for-blood/know-your-blood-group). royalsocietypublishing.org/journal/rsfs Interface Focus 9: 20180079
Complete glycan mapping of serum proteins has been adopted as an approach for identifying biomarkers for breast and other adenocarcinomas including of pancreatic, prostate, ovarian and gastric origin [56 -59] . Lectin arrays show some utility in this regard and previous reports with the use of an evanescent-field fluorescence-assisted lectin microarray have revealed subtle differences in glycosylation between metastatic and non-metastatic BCa serum glycoproteins [60] . Other studies concerned with identifying glycan cancer biomarkers in the serum have reported alterations in the sialylation of serum proteins in ovarian [61, 62] and oral carcinoma [63] . In breast carcinoma, an increase in bifucosylation [59] and, more interestingly, sialylation of total serum N-linked glycans [64, 65] have been reported. The use of glycosylated immunoglobulins as potential disease biomarkers has also been reported; in BCa IgG glycan profiling can distinguish patients from healthy controls [66] and aberrantly glycosylated IgA1 is documented as a potential biomarker in IgA nephropathy [35, 67, 68] . Serum IgA1 levels have been reported to be increased in BCa [47] [48] [49] [50] , to comprise different glycoforms in cancer [41] and have been correlated with metastasis formation [69] . This study shows that the IgA1 in the serum of BCa patients is GalNAcylated and that it also has a different, sialylated, repertoire. In conclusion, this report provides a detailed analysis of serum IgA1 glycosylation in BCa and illustrates the potential utility of IgA1 glycosylation as a biomarker for BCa prognosis. These alterations may be useful as biomarkers for cancer and may be of relevance in the context of the immune response to cancer, work is ongoing to investigate these changes further. Competing interests. We declare we have no competing interests. royalsocietypublishing.org/journal/rsfs Interface Focus 9: 20180079
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